Objective: Obesity has a complex impact on acute respiratory distress syndrome patients, being associated with increased likelihood of developing the syndrome but reduced likelihood of dying. We propose that such observations are potentially explained by a model in which obesity influences the iatrogenic injury that occurs subsequent to intensive care admission. This study therefore investigated whether fat feeding protected mice from ventilatorinduced lung injury.
the potential to worsen patient outcome through the development of ventilator-induced lung injury (VILI).
Recent data report the prevalence of obesity (body mass index [BMI] , ≥ 30) in the United States as approximately 35%, and greater than 20% in many Western countries (1, 2) . Just as the impact of increased BMI on all-cause mortality remains the subject of debate (3), so too its impact within ARDS is uncertain. Studies of at-risk patients suggest that obesity increases the likelihood of developing ARDS (4, 5) . Animal models have similarly concluded that obesity predisposes to ARDS, through mechanisms including exacerbated endothelial cell activation and dysfunctional neutrophil responses (6) (7) (8) (9) (10) (11) .
However, despite this, most clinical studies suggest that overweight/obese BMI is paradoxically associated with decreased mortality, or at least is not detrimental (12) (13) (14) (15) (16) . Whether such a counterintuitive relationship truly exists for ARDS is inherently difficult to address clinically. Partly, this is due to confounding factors such as differences in age and medication between cohorts (12, 15) and use of interventions that may acutely influence weight (e.g., administration of fluid boluses) (13) . Such difficulties mean that identifying mechanisms to explain why obesity may be beneficial is likely only to be achieved within experimental settings.
We propose that the best explanation for previous clinical observations is that obesity has a beneficial effect on factors that influence mortality once ARDS is established, one of the most important of which is the impact of VILI (17) . Supporting this possibility, it appears that increased BMI is particularly beneficial within ventilated, rather than nonventilated patients (18) . The current study is therefore designed to test the novel hypothesis that obesity induced by high-fat feeding specifically attenuates VILI, using a mouse model.
MATERIALS AND METHODS
Additional methodological detail is provided in the supplemental data (Supplemental Digital Content 6, http://links. lww.com/CCM/C541). Protocols were approved by the Ethical Review Board of Imperial College London, and carried out in accordance with the Animals (Scientific Procedures) Act 1986, United Kingdom. Male wild-type C57Bl/6 mice (Harlan, Bicester, United Kingdom) and tumor necrosis factor receptor 2 (TNFR2) knockout mice (gift from Immunex, Thousand Oaks, CA) were used. Animals had free access to a high-calorie/highfat diet (18.56 MJ/kg atwater free energy [AFE], with 46% AFE from fat, 18% from protein, and 36% from carbohydrate) or control diet (RM1; 13.75 MJ/kg AFE, 7.4% fat, 17.5% protein, and 75.1% carbohydrate), for 12-14 weeks, from 4 weeks old.
Mouse Model of VILI
To explore the influence of diet on susceptibility to ventilation, a "one-hit model" of VILI induced by very high tidal volume (Vt) was used (19, 20) . Mice were anesthetized (80-100 mg/kg ketamine and 8-10 mg/kg xylazine) and ventilated using a custom-made volume-controlled ventilator (19) . During surgical preparation for carotid artery cannulation, animals were ventilated with low stretch (Vt, 200-250 µL), positive end-expiratory pressure (PEEP) 3 cm H 2 O, using 100% oxygen. Lung recruitment was performed by sustained inflation (30 cm H 2 O, 5 s) to standardize lung volume history. Vt was then increased to produce a standardized peak inspiratory pressure (PIP) of 40 cm H 2 O (19, 20) , which thereafter was maintained constant throughout. PEEP remained at 3 cm H 2 O, and oxygen supplemented with 4% Co 2 was used to avoid hypocapnia. In some experiments, animals remained on low Vt settings, with recruitments performed every 30 minutes, to act as a control group. Anesthesia was maintained by intraperitoneal ketamine (1 mg) and xylazine (0.1 mg) every 25-30 minutes. Although fat-fed animals required marginally more anesthetic for induction, over the entire protocol, the total amount given relative to body weight was not different. Ventilation was continued for predetermined times up to 180 minutes, or until arterial blood pressure dropped below 50 mm Hg as a surrogate marker of mortality if this occurred first (20) .
Sample Collection
Animals were terminated by exsanguination. Lavage fluid neutrophils were evaluated by differential cytology on CytoSpin slides (Shandon, Runcorn, United Kingdom). Lavage protein was determined using a colorimetric assay (Bio-Rad, Hemel Hempstead, United Kingdom). CXCL1, interleukin (IL)-6, soluble receptor for advanced glycation end products (sRAGE) in lavage fluid, and plasma soluble tumor necrosis factor (TNF) receptors were determined by enzyme-linked immunosorbent assay (ELISA; R&D systems, Abingdon, United Kingdom). Lavage fluid TNF was determined by high sensitivity ELISA (eBioscience, Altrincham, United Kingdom). Matrix metalloproteinase (MMP) activity was determined by fluorometric assay (Abcam, Cambridge, United Kingdom). Other plasma biomarkers were determined by FlowCytomix assay (eBioscience, Altrincham, United Kingdom).
Flow Cytometry
Lung samples were processed for flow cytometry using previously validated methods. In brief, single-cell suspensions were produced by mechanical disruption of lungs followed by sieving through a 40-μm filter. Samples for leukocyte quantification were stained with fluorophore-conjugated antibodies against F4/80, CD11b, NK1.1, Gr-1 (Biolegend, Bar Hill, United Kingdom), and Ly-6C (BD Biosciences, Oxford, United Kingdom), and counting beads (Invitrogen, Paisley, United Kingdom) were added (21, 22) . In other experiments, epithelial cells were identified using previously reported methods (23) , by staining using antibodies against CD45, T1α (both; Biolegend, Bar Hill, United Kingdom), CD31, and EpCAM (CD326), along with CD147 or isotype-matched control (all; eBioscience). Samples were run on a CyAn ADP flow cytometer (Beckman Coulter, High Wycombe, United Kingdom), and analysis was performed using FlowJo software (Tree Star, Ashland, OR). 
RESULTS

Effect of Fat Feeding on VILI
Fat-fed mice had substantially greater total body weight (41.0 ± 3.9 vs 33.3 ± 4.1 g; n = 22-24; p < 0.0001), and a higher percentage of body weight comprised of epididymal and perirenal fat deposits (% fat pad:body weight, 6.5% ± 1.7% vs 3.2% ± 0.8%; p < 0.0001) compared with age/strain-matched lean controls, confirming altered body composition.
In initial experiments, wildtype animals were ventilated with high Vt for 180 minutes, or until they met the mortality surrogate. Injurious ventilation, standardized with a starting PIP of 40 cm H 2 O, produced a similar Vt in the two group of animals (1,010 ± 80 vs 1,050 ± 80 µL in fat-fed and control animals; n = 11-12). Crucially, respiratory system elastance (33.7 ± 3.7 vs 31.4 ± 2.8 cm H 2 O/mL) and resistance (0.88 ± 0.07 vs 0.86 ± 0.09 cm H 2 O/mL s -1 ) were not different between lean and fat-fed animals at the onset of ventilation.
PIP remained stable for approximately 120 minutes in both group of mice (Fig. 1A) , after which it increased rapidly in lean animals, such that a number met the mortality surrogate from 150 minutes onwards. In contrast, PIP did not increase substantially in fatfed mice, all of which survived , showing that both lean control mice and high-fat-fed mice displayed the same initial decrease in PIP, indicative of lung recruitment at very high tidal volumes. Although PIP increased dramatically after 120 min in control mice, this was much less apparent in fat-fed animals. A number of animals were unable to complete the 180-min protocol in the control group only, leading to variability in PIP as mice dropped out at later time points and a significantly worse survival (B). End PIP (C), irrespective of the length of ventilation, was significantly lower in fat-fed mice than controls. This was related to attenuation of changes in both respiratory system elastance (D) and resistance (E), determined by end-inflation occlusion. Arterial oxygenation was well maintained in both groups until 120 min, whereupon it fell more dramatically in the control group than in fat-fed mice (F). End Po 2 values, representing either 180 min or the point at which mortality surrogates were met, were significantly higher in fat-fed animals. Arterial Co 2 was similarly well maintained in both groups until 120 min, after which it tended to increase in control animals as lung injury developed, but did not in fat-fed animals (G). Data within A, D, E, F, and G were normally distributed and are shown as mean ± sd. Data within C were nonparametric and thus were displayed as a box-whisker plot. n = 11-12 per group (until 150 min for A, as animals dropped out from this point onwards). B shows a Kaplan-Meier survival curve, with significance determined by log-rank test. Data in C were evaluated by Mann-Whitney U test, whereas data in D-G were evaluated by t test (endpoints only in F and G). *p < 0.05, **p < 0.01, and ***p < 0.001. the full protocol (Fig. 1B) . The final PIP was significantly lower in fat-fed mice (Fig. 1C) . Deteriorations in respiratory system mechanics (Fig. 1, D and E) and blood gases (Fig. 1, F and G) were also attenuated with fat feeding.
In lean mice, VILI induced substantial alveolar-capillary barrier permeability (lavage fluid protein) and edema (lung wet-to-dry weight ratio), which were significantly attenuated by fat feeding (Fig. 2, A and B) . Similarly, lavage fluid levels of the epithelial stress marker sRAGE were lower in fat-fed animals (Fig. 2C) . We explored whether protection could be explained by decreased leukocyte recruitment, as occurs following obesity in other lung injury models (7-10). There was little intra-alveolar neutrophil infiltration (< 3% of leukocytes) in any animals after 2-3 hours ventilation, consistent with previous studies (20, 24) . Hence, we determined leukocyte accumulation within lung tissue by flow cytometry (21, 25) . Substantial number of neutrophils and Gr-1 high "inflammatory" monocytes were present following VILI, but fat feeding had little impact on either numbers (Fig. 2, D and E) or activation of leukocytes, evaluated by surface CD11b expression (26) (Fig. 2,  F and G) . Finally, we evaluated the general inflammatory milieu by determining pro-and anti-inflammatory mediators in plasma, as differences in circulating mediators have been reported between lean and obese ARDS patients (14) . Most mediators were similar between groups (Supplemental Fig. 1 , Supplemental Digital Content 1, http://links.lww.com/CCM/ C536; legend, Supplemental Digital Content 6, http://links. lww.com/CCM/C541), apart from significantly higher levels of soluble TNFR2 in fatfed mice.
Mechanistic Investigations
To address whether up-regulated soluble TNFR2 could explain the protection induced by fat feeding, we carried out experiments in TNFR2 knockout mice. Lean TNFR2 knockouts developed injury as anticipated, which was again significantly attenuated by fat feeding (Fig. 3,  A-F) . As with wild types, protection was not associated with reduced lung leukocytes (Fig. 3, G and H) .
To further explore possible causative factors, we returned to wild-type mice and evaluated various intra-alveolar mediators. In these experiments, ventilation was terminated after 120 minutes, just before physiologic lung injury was Figure 2 . Alveolar-epithelial barrier permeability assessed by lavage fluid protein (A) and lung wet-to-dry weight ratio (B) was significantly decreased in fat-fed animals when compared with lean controls. Similarly, the epithelial stress marker soluble receptor for advanced glycation end products (sRAGE) in lavage fluid (C) was attenuated in fat-fed mice. There was a tendency for the number of neutrophils (D) and inflammatory Gr-1 high monocytes (E) accumulated within the lungs to be reduced in fat-fed mice, but this was not statistically significant. Lung neutrophils (F) and Gr-1 high monocytes (G) showed no differences in levels of the activation marker CD11b between groups. n = 5 per group for B, F, and G, and n = 7 per group for A, C, D, and E. Data in C are displayed as box-whisker plot and evaluated by Mann-Whitney U test, whereas data in all other panels are displayed as mean ± sd and assessed by t test. **p < 0.01 and ***p < 0.001. MFI = mean fluorescence intensity.
Critical Care Medicine www.ccmjournal.org e835 anticipated to develop in lean animals (according to Fig.  1A) , to clarify whether mediators could be a cause rather than merely a consequence of subsequent injury. Consistent with this design, there was no injury at 120 minutes in any animal (Supplemental Fig. 2 , Supplemental Digital Content 2, http://links.lww.com/CCM/ C537; legend, Supplemental Digital Content 6, http://links. lww.com/CCM/C541). Under these conditions, intra-alveolar IL-6, CXCL1, and TNF were present, but similar between lean and fat-fed mice (Fig. 4,  A-C) . In contrast, lavage fluid MMP activity was significantly lower in fat-fed mice (Fig. 4D) . In light of this, we determined MMP activity within low Vt ventilated animals, which was similar in both groups.
Finally, we determined expression of CD147, an upstream regulator of MMP activity, on lung epithelial cells by flow cytometry. Cell surface CD147 expression was initially studied in lean mice ventilated with high Vt for 1-2 hours. Expression tended to peak at 1 hour (Fig. 5, A and B) , so we compared 1 hour of high Vt or low Vt ventilation between lean and fat-fed animals. Stretch-induced up-regulation of CD147 was significantly attenuated with fat feeding (Fig. 5, C and D) .
DISCUSSION
Obesity is implicated clinically with a greater susceptibility to development of, but lower subsequent mortality from, ARDS. We used mouse models to investigate whether this could be explained by an inherent protection from VILI. Our data show that fat-fed mice were Figure 3 . High-stretch ventilation experiments were carried out in lean and fat-fed tumor necrosis factor (TNF) receptor 2 knockout mice. Feeding of a high-fat diet led to similar attenuation of lung injury as seen with wild types, such that only one of five fat-fed animals displayed substantial injury, hence the very large variability in peak inspiratory pressure (PIP) toward the end of the experiment and the apparent decrease in PIP at 180 min as the only injured fat-fed animal dropped out of the analysis (A). Survival (B), final PIP (C), Po 2 (D), Pco 2 (E), and lung wet-to-dry ratio (F) were similarly attenuated with high-fat feeding, all of which demonstrate that the high-fat diet-induced protection was not dependent on up-regulation of soluble TNF receptor 2. As with wild-type mice, fat diet-induced protection was not mediated by decreased leukocyte infiltration as both neutrophils (G) and inflammatory Ly6C high monocytes (H) were not attenuated. A, D, E, G, and H are shown as mean ± sd, whereas C and F are displayed as box-whisker plots. n = 5 per group for all data (until 120 min for A, as animals dropped out after this point), apart from G and H where n = 4. B shows a Kaplan-Meier survival curve, with significance determined by log-rank test. Data in C and F were evaluated by Mann-Whitney U test, whereas data in D, E, G, and H were evaluated by t test (endpoints only in D and E). *p < 0.05, **p < 0.01, and ***p < 0.001.
protected from the physiologic consequences of over ventilation; animals displayed lower PIP, smaller deteriorations in respiratory system mechanics and gas exchange, and less alveolar-epithelial permeability.
In the current study, we used Vt equivalent to approximately 31-33 mL/kg to induce lung injury, much higher than would be utilized clinically. However, mouse lungs are much more compliant than human lungs (27) , and such high Vt is necessary to induce inflammatory injury within healthy animals (20) . It was vital for our hypothesis that mechanical stress/ stretch induced by ventilation was matched between lean and fat-fed mice. Obesity is frequently associated with altered chest wall mechanics, making optimization of ventilation protocols challenging. Although these are clinically important considerations, the current study is not confused by such complications, because our experiments were designed to ensure similar respiratory mechanics between groups. As mice have highly compliant rib cages and abdominal walls, chest wall elastance is minimal and respiratory system mechanics are effectively determined by lung mechanics under most circumstances (28) . Although with extreme obesity in mice chest wall elastance can be increased, we deliberately used animals before this became apparent. It was therefore possible to match ventilation between lean and fat-fed mice in terms of both PIP and Vt, meaning that lungs were exposed effectively to the same degree of mechanical stress (pressure) and resultant stretch (Vt) in both groups. Our data clearly demonstrated protection from this standardized mechanical lung insult in fat-fed mice.
Although obesity in otherwise healthy individuals is characterized by chronic inflammation, plasma inflammatory biomarkers paradoxically decrease with rising BMI in ARDS patients (14) , suggesting a blunted systemic response to the "challenge" of ARDS. We evaluated this in our study, but found very few differences in circulating pro-and anti-inflammatory mediators apart from an increase in soluble TNFR2 in fat-fed animals. Plasma TNFR2 is similarly raised in obese humans (29) , and theoretically could explain our findings as TNFR2 expression conveys protection during VILI (24) . However, it was clear that fat feeding remained protective in TNFR2 knockout mice, reiterating the beneficial effects of the dietary manipulation, but demonstrating that soluble TNFR2 is not necessary.
Many of the mechanistic studies exploring the influence of obesity on lung injury have focussed on leptin as a mediator (8, 10, 30) . We therefore performed experiments in leptin-deficient Lep ob mice (Harlan, Bicester, United Kingdom) to evaluate this possibility (Supplemental Fig. 3 , Supplemental Digital Content 3, http:// links.lww.com/CCM/C538 -legend, Supplemental Digital Content 6, http://links.lww.com/CCM/C541; Supplemental  Fig. 4 , Supplemental Digital Content 4, http://links.lww.com/ CCM/C539 -legend, Supplemental Digital Content 6, http:// links.lww.com/CCM/C541). Our findings were consistent with a role for leptin in VILI-mediated leukocyte recruitment, but we found no physiologic protection. It is however dangerous to draw solid conclusions, as leptin plays an important role in postnatal lung development, such that Lep ob mice have a reduced alveolar surface area (31), making standardized experiments between wild-type and Lep ob mice very difficult. Hence, although leptin likely plays an important role in host defense (32) , any involvement in VILI remains uncertain.
Unexpectedly, we found no significant attenuation in leukocyte recruitment in fat-fed animals, either wild type or TNFR2 knockout. Changes in neutrophil recruitment and function have been proposed to explain the altered susceptibility of obese subjects to ARDS (33) . Neutrophil dysfunction secondary to obesity is associated with impaired bacterial clearance and worse outcome in mouse models of pneumonia (8) (9) (10) , and fat feeding reduces neutrophil-mediated injury following inhaled lipopolysaccharide (7) . However, from the current data, it seems highly likely that within VILI, fat feeding is protective through mechanisms independent of neutrophil recruitment. It remains possible that neutrophil functionality, such as reactive oxygen species production or neutrophil extracellular trap formation, was altered as we did not extensively investigate this possibility, although recent studies suggest that these are not impaired in fat-fed animals (34) .
To explore alternative explanations, we determined various intra-alveolar mediators at an early point before any animals showed increased permeability. This is crucially important, because once barrier breakdown begins, it becomes difficult to interpret whether differences in alveolar cytokine levels are a cause or a consequence of altered permeability between groups. Additionally, studying "end-point" alveolar cytokines may be misleading, as lean animals developed injury more quickly and thus ventilation protocols often ended sooner. Given the aforementioned findings, we focussed specifically on mediators that have been reported to influence permeability/ lung fluid balance independent of neutrophils (24, 35, 36) , specifically CXCL1, TNF, IL-6, and MMPs. Interestingly, "shortterm" high-fat nutrition reportedly limits hemorrhage (37, 38) or hemolysis-induced (39) organ damage, via activation of α7-nicotinic acetylcholine receptors and attenuated TNF and IL-6 secretion. It was clear though that in our study, there was no difference in TNF, IL-6, or CXCL1.
In stark contrast, intraalveolar soluble MMP activity was significantly attenuated within fat-fed mice, due to reduction of stretch-induced MMP activation/secretion. Various MMPs have been shown to contribute to VILI (40) (41) (42) (43) (44) . MMP2/9 activities may directly induce extracellular matrix degradation and are also implicated in transforming growth factor-β activation (45) , which can influence lung fluid balance via epithelial sodium channels (46) . MMP9 also plays an important role in ectodomain shedding of receptor for advanced glycation end products (47), so our finding of greatly reduced sRAGE levels within fat-fed mice further supports the likelihood that attenuated MMP activity had direct biological consequences. Attenuated MMP activation is likely related to our finding of abrogated CD147 up-regulation following injurious ventilation in fat-fed mice. CD147 is an important regulator of expression, activation, and secretion of multiple MMPs (48) , and CD147 within epithelial and endothelial cells has been directly linked to ventilatorinduced MMP activation (44, 49) . We confirmed that epithelial cells from fat-fed mice were responsive to high-stretch ventilation (via mitogen-activated protein kinase activation as seen in lean mice [ Supplemental Fig. 5 , Supplemental Digital Content 5, http://links.lww.com/CCM/C540; legend, Supplemental Digital Content 6, http://links.lww.com/CCM/C541]), implying that our findings are somewhat specific to CD147 up-regulation. Perhaps surprisingly, despite CD147 having a known involvement (48) in many obesity-associated comorbidities (e.g., various cancers, atherosclerosis), this is seemingly the first time CD147 expression has been investigated in obesity per se.
Although fat feeding is the de facto standard method for inducing obesity-like states in rodents (33) , dietary fats can influence many biological functions (50) . It therefore remains somewhat unclear whether dietary composition or obesity underlies the current findings. Future studies using alternative dietary models may provide greater clarity regarding this question (which however affects the majority of current animal studies of obesity) and give clues to the exact mechanism of protection. Clinical trials have investigated the potential of manipulating fatty acid profile in ARDS, primarily omega-3 fatty acid supplementation (51, 52), but with little benefit (53). 
CONCLUSIONS
The current data demonstrate that high-fat feeding protects mice from VILI, which we propose as an explanation for the clinical correlation between BMI and mortality from ARDS. This is seemingly not reliant on the obesity-related alterations in inflammatory cytokines and leukocyte accumulation that have been reported in other lung injury models. Instead, we uncovered a novel phenomenon whereby fat feeding attenuates stretch-induced CD147 up-regulation and activation of intraalveolar MMPs. This finding may open avenues for therapeutic manipulation in ARDS and could have implications for understanding the pathogenesis of lung disease in obese patients.
